Introduction
The activation of white phosphorus (P 4 )w ith transition metal (TM) complexes with the objective of generatingo rganophosphorusc ompounds has been an ongoingr esearcht opic.
[1] For this purpose, an understanding of the P 4 transformation pathway in the coordination sphere of transition metals is necessary.T hus, av ariety of P n ligand moieties were stabilized to give insight into the stepwise P 4 degradation and aggregation processes using well-established ligand systems such as the Cp R family (Cp = cyclopentadienyl).
[1] However,o ver the last years, b-diketiminato (nacnac = L) ligand systems have gained increasinga ttentioni nm ild P 4 activations using M I precursors: The initial P 4 fixation step of an intact P 4 tetrahedron at am etal center was achieved at an electron-rich Cu I nacnac compound. [2] In reactions with transitionm etal complexes of 2 (cyclo-P 3 )] nÀ (R = N(tolyl) 2 , n = 0,1;R= O(dipp), n = 0) and [{L 3 V(N(tolyl) 2 )} 2 (m 2 :h 3 ,h 2 -cyclo-P 3 )] (A,S cheme 1).
[3c]
However, cyclo-P 3 complexeso ft he type [LM(m 2 :h 3 ,h 3 -P 3 )M'L'] AE n have been structurally characterizedu sing neutral, tridentate triphos( 1,1,1-tris(diphenylphosphinomethyl)ethane) . [5] and etriphos(1,1,1-tris(diethylphosphinomethyl)ethane) ligands in different combinations with 3d metals( Fe, Co, Ni)a nd 4d metals (Rh, Pd). [6] The influence of the ligand substituents in Fe I -mediated P 4 transformation has recently been illustrated by ac omparatives tudy using as et of ligandsL 1 -L 3 (Scheme 1). [7] Despite the application of the same reactionc onditions, different products were obtained, which are sensitively dependent on small changes of the ligand substituents. [7] and [(L 0 Fe) 2 (m 2 :h 2 ,h 2 -P 2 ) 2 ]( C).
[4c] The latter was synthesized by the Driess group.
[4c] The ligandsL 0 and L 3 only differ in their backbones ubstituents. However, for sterically less demanding 2,6-dimethylphenyl (dmp) substituents, the formationo ft he tetranuclearc omplexes
with dimerized P 4 units was observed. [7] These resultsd emonstrate that the product formation is affected by both the aromatic flanking groups and the ligand backbone substituents.S imultaneously,w ei nvestigated the [L 3 Co]-mediated transformationso fw hite phosphorus, which resulted in novel P 4 -a nd P 3 -containing complexes (vide infra). In the meantime, Driess and co-workers reported P 4 activation by [LCo] fragments leading to the neutral complexes
[4b] One-electron reduction led to the monoanionic )i nC o I -mediated P 4 activations and we were intrigued by the observed P-atom extrusion from the initially obtained P 4 middle deck to form P 3 compounds. The latter ones are still quite rare in comparison to P 4 ligand complexes.
Here, we report on the P 4 activation by af ormalC o 0 precursor yielding the monoanionic [K(thf) 6 transformation at room temperature or under thermolytic conditions, the corresponding neutral relatives are obtained, which generate 2 and 3 selectively after subsequent one-electron reduction.T he redox chemistry of the products was investigated by cyclic voltammetry (CV), and their magnetic behavior was examined both in solution (Evans method) and in the solid state (SQUID).
Results and Discussion
The formal Co 0 precursor [K 2 (L 3 Co) 2 (m 2 :h 1 ,h 1 -N 2 )] (1)w as synthesized by ao ne-pot reactiona nd was isolated as two different solvomorphs, 1·solv (solv = n-hexane [9] or OEt 2 ).
[10] The X-ray structures of 1·solv consist of two [L 3 Co] fragments bridgedb y aN 2 unit. Twop otassium atoms cover the N 2 moiety and are coordinated in the phenyl pockets of the dipp substituents. [11] The NÀNd istance in 1·n-hexane/OEt 2 is 1.215(3) and 1.220(4) ,r espectively,w hichi si nl ine with the that (1.220 (2) 
. [12] The presence of a[ N 2 ] 2À moietyi n1·n-hexanei ss upported by Raman spectroscopy (n NN = 1568 cm À1 ). [9] The reactiono f1 with P 4 proceedsb yN 2 evolution, showing thatt he formal [N 2 ] 2À species is re-oxidized and revealing 1 as aformal dicobalt (0) Figure 1 ). [9] Each anion is ac entrosymmetric dicobalt complext hat consists of two [L . [7] The central P 4 ligands in 2 are almost squarep lanar with interior angles of 86.07(3) and 93.92(3)8 in anion 1a nd 86.38(3) and 93.62(3)8 in anion 2. The CoÀPd istances range from 2.3362(7)-2.4149(7) in anion 1a nd 2.3441(7)-2.4190 (7) in anion 2. Selected atomic distances of compound 2 are summarized in Ta ble 1. Minor deviations within the atomicparameters of compound 2·2 thf and the relatedc ompounds
can be explained by small changes in the organic environmento ft he counter ion and the nacnac ligands of the complex monoanions. They may affect the Co···Co' distances and their coordination geometry (torsion angle V between the Co···Co' axis and the plane formed by the nitrogen atoms and the methinec arbon in the ligand backbone;F igure 1f or graphical presentation of V). [14] The monoanionic [(L (Figures 2a nd 3) . In both X-ray structures, the complex anionsa re built from two [L 3 Co] fragments bridged by aP 3 triangle.I n3a,t he L 3 ligand planes are almost parallel to each other with an dihedrala ngle of 2.00(7)8 (N1-N2 versus N3-N4). However,i n3b,t he ligand planesa re in at wisted conformation with ad ihedrala ngel of 74.2(4)8 (N1-N2v ersus N3-N4, Figure 2) .
The different complexa nion conformationsm ay originate from packing effects directed by the unequally shaped counter cations.T he cyclo-P 3 middle deck is disordered over two positions in 3a (occupancy 81: 19) . [15] The middle deck in 3b,h owever,i sl ocalizeda to ne distinct position. As can be seen in Ta ble 2, the PÀPd istances in 3a are similar to the ones in the nacnac containing compound [{L [6b] Overall, they are in line with PÀP single bonds [for comparison:P ÀPs ingle bond in white phosphorusd etermined by X-ray diffraction:2 .209(5) , [16] electron diffraction:2 .1994(3) , [17] Ramans pectroscopy:2 .2228(5) , [18] and DFT calculations:2 .1994(3) [17] ]. The CoÀPd istances in 3a are between 2.2046(17) and 2.3684 (8) and for 3b in the range of 2.248(3) and 2.277(3) .T he Co···Co' distance in 3a is 3.7359(5)a nd amounts to 3.724(2) in 3b,w hich is slightly elongated compared to 2 (3.603 and 3.625 ,T able 1).
The 1 HNMR spectra in [D 8 ]THF display signals between 11.42 and À35.29 ppm for 2 [9] and 8.15 and À12.85 ppm for 3,r espectively.E xcept for the THF and DME signals, respectively, the In the solid state, these valuesa re confirmed by SQUID measurements displaying ag radual decrease of the magnetic momenti nt he temperature range from 300 to 2K of 3.80 to 3.30 m B in 2 and 3.58 to 1.70 m B in 3a.T herefore, the electronic structure of 2 is best described as containing a[ P 4 ] 2À moiety bridging mixed valence Co I and Co II centers. This is in agreement with the previously reported compounds F1 and F2.
[4b] Compound 3,h owever, containsa[P 3 ] 3À ligand,w hich is bridged by two Co II metal centers. (7) 12.22 (7) 8.7(3) 13.5(6) -- Figure 3 . Anionic part of the molecular structure of 3b.Hydrogen atoms are omittedf or clarity;t hermal ellipsoidsa re drawn at 50 %p robability level. 14.97 (7) [a]
[a] Anion of F2 is not centrosymmetric. Therefore, four individual d(PÀP) and two V valuesa re given.
Chem.E ur.J. As mentioned above, startingf rom the formal Co 0 precursor 1,w eobtained the compounds 2 and 3 as am ixture of products, the ratio of which is sensitively dependent on stoichiometry and reactionc onditions. To discover an alternative approach,w et argeted the use of the Co I starting material [L 3 Co(tol)] (4a), which was speculatedt o yield the neutrala nalogues of 2 and 3.A fter their one-electron reduction,t he compounds 2 and 3 should be accessible.
Therefore (6), [19] which was clearly characterized by mass spectrometry [20] and 1 HNMR spectroscopy. [21] The dinuclear compound contains two [L 3 Co] fragments, and the bridging middle deck exhibits as avaged isorder within its cyclo-P 3 moiety.W ee mphasize that the PÀPd istances cannot be precisely described. However,t he initially localizede lectron density unambiguously displays triangle-shaped cyclo-P 3 constitution ande nables an estimation of the PÀPd istances in 6 (approx. d(PÀP): 2.147(3), 2.223 (2), 2.235(2) ). These values are comparable with the ones found in 3a (2.1674 (13), 2.1790(16), 2.3303(17) )a nd 3b (2.217(4), 2.224(4) and 2.237(4) )a nd are elongated compared to the ones in A (2.1658(10), 2.1804(9) and 2.2155 (9) ).
[3c] The Co···Co' distance in 6 is 3.747 and therefore comparable to the ones in 3a (3.7359 (5) )a nd 3b (3.724 (2) ), but elongated compared to its precursor complex 5a (3.610 ,v ide infra).
The 1 HNMR spectrum of 6 reveals signals between 20.06 and À12.68 ppm. No signal is detected in the 31 P{ 1 H} NMR spectrum. The magnetic moment (m eff )o f6 in C 6 D 6 solution is 2.97 m B at room temperature (Evans method). [22] This value is confirmed in the solid state by aS QUID measurement. As uccessive decrease from 2.7 to 2.0 m B was measured in the temperaturer ange from 300 to 2K (see the Supporting Information). The values are in agreement with antiferromagnetically coupled Co II and Co III metal centers.
Electrochemistry
The electrochemical properties of the complexes 5a and 6 were probedb yc yclic voltammetry (CV) in THF solutionc ontaining Bu 4 NPF 6 electrolyte (0.1 mol L
À1
,2 95 K, see Supporting Information for further details). [20] An irreversibleo xidation was detected at E 1/2 = À0.34 Vf or 5a and E 1/2 = À0.11V for 6 (vs. Cp 2 Fe/Cp 2 Fe + ). Thec ompounds 5a and 6 each reveal one reversible reduction at E 1/2 = À1.62 V( vs. Cp 2 Fe/Cp 2 Fe + ). The complexes 2 [9] and 3 confirmt hese values by the corresponding electrochemical behavior.F or 3,a na dditional reduction event wasmonitored at À2.52 V( vs. Cp 2 Fe/Cp 2 Fe + ). We experimentally performed the reduction of 5a and 6,r espectively,with one equivalent of potassium graphite in THF at room temperature. The corresponding anionic compounds
,h 3 -P 3 )] (3), respectively,a re selectively and quantitatively formed, which wasp roven by 1 HNMR spectroscopy of the crude reaction solution.O napreparative scale, the isolated yields obtained as single crystals are 41 %f or 2 and6 2% for 3.C onsequently,r egarding selectivity,t his synthetic route is superiort o the Co 0 -mediated P 4 activation, which, in contrast,y ielded am ixture of products. 
Impact of ligand design
.T he crystalso fa ll the new compounds 5a-c wereg rown from saturated toluene solutions,a nd single crystal X-ray diffraction was performed. The molecular structures of 5a-c are shown in Figure S5 in the Supporting Information. As ar epresentative, compound 5a is presented in Figure 4a .I ts P 4 moiety is rectangularly shaped, consequently spanned by two shorter and two longer PÀPa tomd istances. To gether with two coordinatingC oa toms, the [P 4 Co 2 ]c omplex core builds ad istorted octahedron. In 5a-c,t he shorter PÀP atom distances are between 2.1256(6)a nd 2.1301(7) and the longer PÀPd istances are between 2.2513(10) and 2.2980(7) . Compared with ap hosphorus single bond in the tetrahedral P 4 ,t he planarr ectangular-shaped P 4 moieties in 5a-c contain ap air of shorter and ap air of elongated PÀPb onds. The Co···Co' distances in 5a-c are between 3.502 and3 .610 and, therefore, any bondingi nteraction can be ruled out. Due to the centrosymmetric molecular structure (P2 1 /n in 5a-c), the ligands are parallel to each other.I n5a-c,t he torsiona ngels V ), the PÀPe dges of the cyclo-P 4 unit are nearly parallel or rectangular,r espectively,c omparedt ot he NÀNa xis of coordinating nitrogen atoms (compare a(NN-PP short ) = w 1 and a(NN-PP long ) = w 2 ,s ee Figure 4b ). The structural parameters of 5a-c and E1, 2 are summarized in Table 3 . H} NMR spectra.T heir magnetic moment( m eff )i ns olution (RT) was determinedb yt he Evans method:3 .02 m B (5a [22] in C 6 D 6 ), 2.42 m B (5b in C 6 D 6 ), 1.84 m B (5c in [D 8 ]THF). In the solid state, however,t he SQUIDmeasurements of 5a and 5b display diamagnetic behavior in the temperature range of 2-300 K. Their electronic structure in the solid state is best described as two antiferromagnetically coupled Co I centers bridged by a [ P 4 ] 0 ligand similar to the previously reported compounds E1, 2.
[4b] In solution,e xclusively one signal set for the ligand is observedi nt he 1 HNMR spectrum of 5a-c,r espectively,s uggesting the integrity of each dinuclearc ompoundi ns olution on the NMR time scale ( Figure S15 ). 2À and cyclo-[P 3 ] 3À ligands as am ixture of products.E ach product was selectively accessed through the one-electron reduction of its neutral precursor. . a) Molecular structure of the compound 5a.Hydrogen atoms and aromatic flanking groups are omitted for clarity;thermal ellipsoids are drawn at 50 %p robability level. The torsion angle V is depicted, which spans between the Co···Co' axis and the plane formedb yt he nitrogen atoms and the methine carbon in the ligand backbone; b) view along Co1···Co1' axis, revealingthe angles w 1 and w 2 ,w hich span between the NÀ Na xis of coordinatingn itrogen atomsa nd the edges of the cyclo-P 4 unit. 
Conclusion

